Because of the breadth of the subject, the problems concerning the treatment of waste water are limited to those of (i)
The term petrochemieals is variously defined. In the broadest sense it is understood to mean chemical compounds or elements ( e.g. sulphur) which are produced from petroleuro or natural gas or which are entirely or partly derived from the hydrocarbons of petroleuro or natural gas (Römpp). According to this definition most of the products of organic chemistry and some inorganic products, such as ammonia which is produced from natural gas, are today termed petrochemicals.
The following acemint is limited to organic primary chemieals .which are produced on a petrochemical basis in chemical plants. It will include a discussion of some of the most important vinyl polymers. Using the Federal Republic of Germany and the USA as examples, Table 1 shows the most important products. The data presented in the table refer to total production, independent of the source of the raw materials.
MONOMERIC HYDROCARBONS
After petroleuro largely replaced coal as a raw material in the chemical industry of today, ethylene became the most important starting material for organic synthesis. The production of ethylene and its higher homologues, of which the C 3 and C 4 compounds are the most important, is shifting more 57 and more to the refineries. Light naphtha, which is cracked in a middle temperature pyrolysis process, serves as the starting material. The main source of acetylene is still calcium carbide, which is produced on the basis of coal. However, in various chemical works, processes arealso being employed which are based on the cracking ofhydrocarbons at very high temperatures (2000 to 2500°C) and extremely short residence times.
Heating is carried out either in reactors (direct heat transfer), in cracking furnaces (indirect heat transfer), or in an electric arc. Depending on process and starting material, other products of cracking are formed in greater or smaller amounts, for example, ethylene, methane, hydrogen, oxides of carbon and soot. After the cracking process the gas mixture is quickly cooled in any case, in order to avoid undesirable polymerization reactions and the decomposition of acetylene. During this procedure, called quenching, one of the materials employed is water, which must be removed again as relatively highly polluted waste water.
An old plant, ior example, produces 28 m 3 waste water per ton C 2 hydrocarbons. First, undissolved hydrocarbons and polymers are removed in a settling tank, leaving a hydrocarbon concentration of 1.5 gjl, consisting principally of benzene. By stripping with air, the hydrocarbon content is reduced by 85-90 per cent. The stripping gas is passed through a 58 combustion plant. The pre-cleaned waste water, tagether with processing water from plastics and solvent works, is then fed into a biological purification plant, where it is no Ionger a source of disturbing odours. In a newer plant of the same type, the amount of waste water produced is reduced to only 10m 3 per ton C 2 hydrocarbons by decreasing the amount of water used in quenching and by partial recirculation of the quenching water.
MONOMERIC DERIVATIVES OF HYDROCARBONS (a) C 1 derivatives
The most important products are methanol, formaldehyde, methylene chloride, and carbon tetrachloride.
Methanol synthesis starts with a mixture of carbon monoxide and hydrogen (synthesis gas), which is produced today mainly by cracking of petroleuro fractions or natural gas. The reaction
occurs in the presence of a mixed catalyst of zinc oxide and oxide of chromium in the high pressure reactor at 200 kgjcm 2 and approx. 370°C. This process does not create any major waste water problem-s.
A large part of the methanol is processed further to formaldehyde, an important starting material for synthetic resins and special plastics. In this process methanol reacts with oxygen from the air in the presence of a silver crystal catalyst at temperatures of 600 to 700°C, according to the equation:
There is also no source of difficulty for waste water technology.
Carbon tetrachloride and methylene chloride are produced by the chlorination of methane, which comes either from natural gas or from cracked petroleum. Synthesis occurs at about 400°C according to the reaction equations
and necessarily produces hydrochloric acid as a byproduct. When carbon tetrachloride, which serves as the starting material for the production of propellants and refrigerants, gained in importance, the hydrochloric acid could not always be disposed of because of seasonal fluctuation of the market capacity and in part was discharged into the waste water. The obvious step of electrolytically decomposing the hydrochloric acid into chlorine and hydrogen could not be taken for a long time due to the problern of corrosion and for Iack of a suitable material for diaphragms. Finally in 1964 it was possible to put into operation the first plant for the electrolysis of hydrochloric acid on an industrial scale 1 • 2 • In this plant decomposition occurs at bipolar graphite electrodes. The cathode and anode compartments are separated by diaphragms of special PVC that are made up in a special weave and density. In this way a serious waste water problern has been solved by means of chemical engineering. 59
The recently developed methanol esterification represents another interesting possibility for the utilization of hydrochloric acid. Methanol vapour and hydrogen chloride react under pressure and at 300 to 350°C in the presence of a stationary bed catalyst of aluminium oxide according to the equation:
The process does not involve any waste water. The methyl chloride that is produced is processed further to more highly chlorinated products.
The possibility of producing ethylene cheaply from natural gas or petroleuro greatly influenced the synthesis of C 2 -derivatives. One of the materials affected was ethylene oxide, the starting material for the production of ethylene glycol, of almost all glycol derivatives, including polyester fibres, and of nonionogenic detergents. In this case, a process became important, which, although it brings a smaller yield, does produce a decidedly improved waste water situation. In the old chlorohydrin process, ethylene, chlorine, and water were converted to ethylene chlorohydrin at 70°C according to the equation:
Then, in a second stage, ethylene oxide is formed by boiling with lime, with the splitting ofT of hydrogen chloride:
Foreachton ethylene oxide this process produced 60m 3 waste water containing 2 500 kg calcium chloride, 275 kg excess calcium hydroxide, and 110 kg ethylene glycol 3 • In the modern process, which is based on the direct oxidation of ethylene with oxygen in the presence of a silver catalyst, according to the equation: Acetaldehyde, also all'important intermediate product of organic chemistry, was produced in Germany until a few years ago exclusively by the hydration of acetylene in the presence of a mercury-iron catalyst:
The use of mercury led to considerable difficulties. The loss of mercury amounted to ( 1943) 500 kg per 1 000 tons acetaldehyde. Part of it was given into the waste water. Along with the dehydrogenation of alcohol, which is practised in other countries, this process has today receded into the background and been replaced largely through the oxidation ofethylene with air or pure oxygen in the presence of copper and palladium chloride, according to the equation : C 2 H4 + !0 2 cu,Pd~CH 3 CHO.
One plant which is operated with oxygen produces per ton acetaldehyde 7.5 m 3 waste water and another produces 10m 3 waste water, with a total five day B.O.D.load of 17.5 and 27 kg, respectively. The water can be purified without difficulty in a biological treatment plant tagether with waste water from other production processes. If oxidation is carried out with air, the fiveda y B.O.D.l oad remains unchanged and the quantity of waste water decreases. The waste water, which is accordingly more concentrated, also contains more organic chlorine compounds, for example mono-and dichloroacetaldehyde, which, because of their toxicity to bacteria, have to be saponified with alkali before a biological treatment is applied.
Part of the acetaldehyde is oxidized to acetic acid with oxygen in the presence of heavy metal acetates. The process produces only a Iittle waste water. A plant operating with manganese acetate produces per ton acetic acid 26litres waste water with a five-day B.O.D. Ioad of 0.5 kg.
Vinylchloride, the starting product forthe production ofPVC, is produced at several places in the Federal Republic according to the combined ethyleneacetylene process. First, from ethylene and chlorine, ethylene dichloride is formed. This product is cracked at a high temperature in the presence of activated carbon or aluminium oxide to vinyl chloride and hydrogen chloride. More vinyl chloride is formed by the addition of the hydrogen chloride to acetylene at 150-220°C in the presence of a mercury chloride catalyst on activated carbon:
When separating out the vinyl chloride by distillation after the cracking of ethylene dichloride, residues containing chlorinated hydrocarbons result which are partly burned in special furnaces with the recovery of hydrochloric acid.
For the entire process 0.15 m 3 and 1m 3 waste water per ton vinyl chloride were determined for two plants. The waste water accrues from scrubbers and contains common salt and sodium hydroxide or hydrogen chloride, and further small amounts of chlorinated hydrocarbons, which mostly can be stripped by air.
The combined process is becoming less important and will be replaced in the future by the package unit process, which is based solely on ethylene. In this process, the hydrogen chloride formed by the cracking of ethylene dichloride is again converted to ethylene dichloride in an oxychlorination reaction with ethylene and oxygen from the air:
The water, which is separated by distillation, still contains chlorinated hydrocarbons and may have to be purified, for example, by stripping.
Another important vinyl ester is vinyl acetate, the raw material for polyvinyl acetate and polyvinyl alcohol. In the Federal Republic of Germany it is 61
produced by the reaction of acetylene and acetic acid in the gas phase at about 170°C in the presence of a zinc-containing carbon catalyst. No waste water accrues from this process. By the addition of ethylene to benzene according to a Friedel Crafts reaction using aluminium chloride as a catalyst, ethyl benzene is formed, from which principally styrene is produced:
Before processing is carried on, the catalyst and small quantities of hydrogen chloride must be washed out with water and caustic soda solution. Calculated on the basis of data taken from the literature\ the wash water per ton product amounts to 4.6 m 3 acidic waste water with 0.2 per cent AIC1 3 and 0.3 per cent HCI as well as 0.6 m 3 alkaline waste water with 0.3 per cent NaOH and 0.3 per cent NaCI. These wash waters contain 0.13 per cent benzene hydrocarbons, which are removed in a benzene strippingplant by nitrogen. They are then eliminated from the recirculated nitrogen by activated carbon adsorbers. In another plant the specific amount of waste water equals 0.36 m 3 with 5 kg AIC1 3 as weil as minute amounts of sodium hydroxide and highly volatile hydrocarbons.
For the dehydrogenation of ethyl benzene to styrene, which occurs in the presence of zinc oxide catalysts at about 600°C, a waste water production rate of 2.8 m 3 per ton styrene was reported. lt contains 0.2 per cent dissolved hydrocarbons, which can be removed almost completely by stripping.
(c) c3 derivatives C 3 -derivatives are obtained from propylene. The hydroformylation of propylene, which Ieads to butyraldehyde, is increasing in importance. In this process propylene reacts with synthesis gas (carbon monoxide and hydrogen) in a high pressure reactor a t 260 to 300 kg/ cm 2 and 140 to 180°C in the presence of cobalt catalysts:
The dimerization and hydrogenation ofbutyraldehyde yields ethyl hexanol, of which the phthalic ester is used on a Iarge scale as a plasticizer of PVC. Butanol, whichisimportant asa solvent andintermediateproduct,isproduced by the hydrogenation of butyraldehyde.
Butyraldehyde was formerly produced from acetaldehyde by aldol condensation, with crotonaldehyde as an intermediate stage:
This process produced highly polluted waste waterat the rate of about 1m 3 per ton n-C 4 product with a five-day B.O.D. Ioad of 42.5 kg. Oxo synthesis has led to a substantial improvement otthe wasie water situation. The specific amount of waste water in a modern plant with various technical improvements, after the C 4 product has been processed, is 2m 3 jton. It contains 5-7 kg five-day B.O.D. per ton product and can be purified without difficulty in a biological purification plant together with waste water from other production processes.
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Another example of synthesis starting with propylene is the Sohio process for producing acrylonitrile, which is contained in the oil-insoluble rubber, Perbunan, but which serves principally as a raw material for making polyacrylonitrile fibres. This process has replaced the addition of hydrogen cyanide to acetylene in aqueous, acidic cuprous chloride solution, which is stiii the customary method used in old plants:
In the Sohio process, propylene reacts with ammonia and oxygen in the air atabout480° in thepresenceofcatalystscontainingbismuthand molybdenum:
In this process a high-percentage aqueous solution of organic substances is formed which can be burned, just as acetonitrile, which is formed as a byproduct. Besides there accrues a weak waste water that is relatively difficult to handle and which contains polymeric products, nitriles of dicarboxilic acids and some cyanide. In one German plant this waste water is purified biologically in a mixture with other, principally petrochemical, waste waters. The specific amount of waste water here is about 3 m 3 per ton acrylonitrile with a five-day B.O.D. Ioad ofin all about 15 kg per ton. In another plant the toxic nitriles are saponified under pressure. Excess ammonia can be removed from the reaction gases with sulphuric acid and discharged as ammonium sulphate.
POLYMERIC DERIVATIVES OF HYDROCARBONS
In the last few years the production of thermoplastics has risen sharply. Polyethylene has moved into first place among them. In the high pressure process, ethylene with aminute quantity of oxygen added, is polymerized at 1000 to 2000 kgjcm 2 and about 200°C. This process involves practicaiiy no waste water.
Polymerization according to the low pressure process is carried out at atmospheric pressure and low temperaturein the presence of a mixed catalyst of aluminium and titanium and with liquid hydrocarbon as the dispersing agent. After polymerization was concluded in the processes previously employed, the catalysts were made soluble with alcohol and extracted with water. In the factory of Farbwerke Hoechst AG. these processes produced per ton polyethylene 5 to 6 m 3 weak acidic waste water which bad to be clarified mechanically toseparate the dispersing agent and which afterwards, apart from the dissolved catalyst, still contained a relatively high organic Ioad of about 15 kg five-day B.O.D. per ton. After neutralization and separation of the metallic hydroxides, the waste water can easily be purified bioIogically.lt is economically advantageaus to give the concentrated portians of the waste water a preliminary treatment by stripping or distillation.
Meanwhile technical developments have made it possible in certain cases to reduce substantially the quantity of catalyst employed in the low pressure process. The catalyst can then remain in the product. This improves the quality of the waste water considerably. The waste water produced is free of metal salts and no Ionger contains any organic Ioad worth mentioning. 63
The production of polypropylene is similar to that of high low polyethylene. As larger quantities of alcohol must be used to wash out the catalyst, the load in the waste water is at present still higher than for the old polyethylene process.
Polyvinyl chloride (PVC), another important thermoplastic, is formed by emulsion, suspension, or mass polymerization of vinyl chloride at about 15 kgjcm important of these processes is emulsion polymerization. In this process the monomer is finely distributed in water with emulsifier and polymerized to a Iatex, which is then spray dried. Waste water is formed only by the cleaning of apparatus and the rinsing of the Iatex filter, which retains coarse particles as sludge. Such a plant produces per ton PVC, for example, 7m 3 waste water, which still contains, after precipitation of emulsified and suspended components, a total organic load of about 0.2 kg five-day B.O.D. (per ton PVC).
The figures for suspension polymerization are somewhat higher. Here the aqueous phase is separated out after conclusion of polymerization to become waste water. The specific quantity of waste water is thereby raised, for example, to 14m 3 per ton PVC. After precipitation with lime and alum, the five-day B.O.D.load amounts to 0.85 kg per ton PVC and is caused chiefly by the dispersing agent. Mass polymerization occurs without the use ofwater or solvents. Waste water is produced only by occasional rinsing procedures.
Polyvinyl acetate (PV A) cannot be used as a raw material for plastics because of its low softening point, but is used on a large scale in the form of aqueous dispersions, chiefly as a raw material for glue, paints and lacquers. It is mainly emulsion polymerized at atmospheri~ pressure and 80 to 90°C. Waste water is produced only through the cleaning of apparatus~ especially from rinsing the filter through which the product is fed after the conclusion of polymerization. In a relatively large plant, for example, about 5 m 3 waste water are produced per ton PV A raw product (50 per cent polymer). The C.O.D.load of about 20 kg per ton PVA raw product is caused essentially by the polymer and can be reduced by about 95 per cent through precipitation with lime and ferrous sulphate. The five-day B.O.D. Ioad amounts to about 1.5 kg per ton PV A raw product and results from additions of protective colloids and emulsifiers. After treatment with lime, the water is biologically purified tagether with water from other production processes, at times with the addition of defoamers.
FURTHER PROCESSING OF PETROCHEMICAL PRIMARY CHEMICALS F or the production of primary chemieals it is possible to keep the waste water situation fairly well in view. The examples just present~ show that the waste water from manufacturing processes in sofaras it contains organic substances is amenable to biological purification after suitable preliminary treatment in some cases. In existing biological plants five-day B.O.D. decomposition rates between 85-99 per cent are attained, depending on the concentration and composition ofthe raw water. The largely constant composition and the mostly rather continuous production of waste water facilitate treatment.
On the other hand, however, further processing of the primary chemieals to dyes, plant protecting agents, pharmaceuticals, textile auxiliaries, organic chemieals and the like frequently Ieads to waste water which cannot be purified by the usual procedures of waste water technology or only unsatisfactorily. This includes waste water which contains, apart from organic substances, inorganic salts, acids, or bases in high concentrations. Mainly in chemical works near the coast, shipping such waste water out to sea will assume increasing importance. Where this method is not possible, the chemical industry must seek to improve the quality of the water by changing its manufacturing processes. In the future, where new developments of chemical processes are concerned, waste water technology will be a more important consideration than ever before.
